Replicas of the freeze-fracture surfaces of the internodal myelin membranes of large sciatic nerve fibres from normal and diabetic rats were compared by quantitative electron microscopy. The internodal myelin of the diabetics was examined 14 days after streptozotocin (70 mg/kg IV) induced persistent hyperglycaemia, conditions under which sciatic motor nerve conduction velocity (MNCV) is consistently decreased by 20%. The number of intramembranous particles per unit area of both the P-face and the E-face of the internodal myelin membrane was significantly decreased in the diabetics. This alteration in the structure of the internodal myelin membrane was not found in large sciatic nerve fibres from diabetic rats treated with insulin from day 3 through 14, or from diabetic rats fed a diet containing 1% myoinositol; these are conditions under which the development of decreased sciatic MNCV is prevented or ameliorated. An alteration in internodal myelin structure occurs in acute streptozotocin diabetes which may explain the associated decreased sciatic MNCV.
Acute experimental diabetes results in decreased sciatic motor and sensory nerve conduction velocities [1, 2] , which may provide a model for the decreased peripheral nerve conduction velocities found in newly diagnosed juvenile diabetics [3] . The development of impaired sciatic MNCV in acute streptozotocin diabetic rats can be prevented by insulin treatment that obviates hyperglycaemia [1] , or by dietary myoinositol supplementation without insulin treatment and despite severe persistent hyperglycaemia [1] . Eliasson [4] reported that acute experimental diabetes results in a marked reduction in the electrical resistance of the internodal myelin of large sciatic nerve fibres and suggested that the development of "leaky" myelin might explain the decreased nerve conduction velocity. However, a morphological basis for the decreased nerve conduction velocity or the reported decrease in the electrical resistance of internodal myelin has not been firmly identified. Segmental demyelination or obvious myelin oedema has not been observed in the peripheral nerves of rats with acute experimental diabetes [5, 6] . Extensive morphometric studies by Thomas and his coworkers [5, 7] provided no evidence for the loss of large myelinated fibers in the peripheral nerves of rats with acute experimental diabetes; these workers [7] dispute the suggestion of Jakobsen [6] that axonal dwindling might explain the decreased nerve conduction velocity.
Freeze-fracture [8, 9] is a recent addition to the methods available for the study of peripheral nerve myelin; this technique splits the lipid bilayer of the myelin membrane and permits EM examination of its hydrophobic domain. The studies that form the basis of this report were concerned with a quantitative evaluation of freeze-fracture replicas of the internodal myelin of large sciatic nerve fibres in whom sciatic MNCV is known to vary in a consistent manner as the result of our previous studies on this model [1] .
Material and Methods
Male, Wistar rats, initial weight 145 to 155 gin, were fed ad libitum during the 14 days prior to the examination of their sciatic nerves. The standard diet consisted of pellets composed of 18% (W/W) vitamin-free casein, 68% (W/W) sucrose, 10% (W/W) vegetable oil, 4% (W/W) inorganic salts, all known rat vitamin requirements, and 0.011% (W/W) free myoinositol (Nutritional Biochemical Corp., Cleveland, Ohio). The same supplier provided pellets prepared from the same diet, but supplemented with 1% (W/W) free myoinositol. Experimental diabetes was induced by the injection of 70 mg/kg of streptozotocin (Upjohn Company, Kalamazoo, Michigan) in 0.1ml of citrate buffer, pH4.5 (0.10tool/I), into the tail vein after an overnight fast. A nonfasting plasma glucose concentration in excess of 300 mg/dl at both 24 and 48 h after the streptozotocin administration was required for the diagnosis of experimental diabetes. The group of diabetic rats treated with insulin was maintained on the standard diet and insulin administration begun on day 3; the regimen employed was that previously reported to obviate hyperglycaemia during at least the 6th through the 14th day, and to consistently prevent the development of impaired sciatic MNCV [1] . Briefly, the rats received twice daily subcutaneous injections of Lente insulin; plasma glucose was determined twice daily in the morning and in the late afternoon to permit adjustment of the insulin dosage which ranged from 0.10 to 0.17 U/gram/day. The aim of treatment was to prevent the plasma glucose concentration from exceeding 152 ___ 4 mg/dl, which was found in previous studies to be the mean morning plasma glucose concentration in tail vein samples from normal rats of the same strain, age, sex, and initial weight fed the standard diet for 14 days [1] . This value was used as an estimate of the upper range of plasma glucose fluctuation in the normal rats. None of the insulin-treated diabetic rats whose sciatic nerves were studied had a tail vein plasma glucose concentration that exceeded 152 mg/dl in any of the twice daily determinations carried out during the 6th through the 14th days. The mean _+ SEM of the average plasma glucose concentration found in each of the 6 animals in the group during this period was 68 -+ 4 mg/dl.
Five groups of rats were prepared for examination of their sciatic nerves on day 14; each group corresponded to an identical group in whom sciatic MNCV had been determined on day 14 as previously reported [1] . The groups were: (1) normal rats fed the standard diet; (2) diabetic rats fed the standard diet for 14 days following streptozotocin administration; (3) diabetic rats fed the standard diet and treated with insulin from days 3 through 14, as described above; (4) diabetic rats fed the standard diet supplemented with 1% free myoinositol for 14 days following streptozotocin administration; (5) normal rats fed the standard diet supplemented with 1% free myoinositol for 14 days. Plasma glucose was determined in tail vein samples, as previously described [1] . Body weight was determined daily in the diabetics and every other day in the normals.
On day 14, the rats were anaesthetized with pentobarbital (0.04 mg/g wt, IP); the sciatic nerves were exposed surgically from the sciatic notch to the popliteal fossa, quickly excised and minced in 4% (W/V) glutaraldehyde in 0.1mol/l phosphate buffer, pH 7.4, and fixed in the same solution at room temperature for a minimum of 3 hours. The tissue was then immersed in 30% glycerol in 0.1 mol/1 phosphate buffer, pH 7.4, for at least 30 minutes, rapidly frozen in Freon 22, cooled in liquid nitrogen, and fractured and shadowed in a Balzers BAF 301 apparatus (Balzers Instruments, Balzers, Liechtenstein), according to the method of Moor and Muhlethaler [10] . The freeze-fractUre replicas were cleaned in a sodium hypochlorite solution (47.6 g of active chlorine per litre) for two hours, rinsed in distilled water, mounted on copper grids, and examined in a Philips EM 300 electron microscope (Philips Instruments, Eindhoven, The Netherlands). Magnifications were calibrated with a reference grid (2160 lines/mm). Thin sections of randomly selected samples from each nerve were also studied; for this purpose, tissue samples fixed in glutaraldehyde were postfixed in 2% (W/V) osmium tetroxide in 0.02 mol/1 phosphate buffer, pH 7.4, washed with distilled water, dehydrated in graded concentrations of ethanol, and embedded in Epon. Thin sections were stained with uranyl acetate and lead citrate and examined in a Philips EM 300 electron microscope.
The quantitative evaluation of the freeze-fracture replicas was carried out by observers unaware of the identity of the samples being studied. A minimum of two different replicas were randomly selected from the material from each animal, and large myelinated Fibres chosen at random in each replica. Fifteen flat inner faces (Pfaces) and ten flat outer faces (E-faces) of different internodal membrane segments were photographed. Each membrane face was photographed at two fixed magnifications : 35,000 • for the evaluation of the number of particles and 58,000 • for the determination of their size. Measurements of the number and size of intramembranous particles were performed on positive prints enlarged 3 times (i.e. final magnification 105,000 x and 175,000 • A rectangular grid calibrated to represent 0.25 ~m 2 was superimposed on the centre of the prints, avoiding the circumscribed particle free-patchesl; the number of particles present within this area were counted, and the results expressed as number of particles per ~mL The average particle number per unit area of P-face and of E-face was computed for the material from each animal, and used for the computation of the mean _+ SEM of the group given in Table 1 . Moreover, in normal and diabetic animals, frequency histograms were constructed on the basis of the number of intramembranous particles per test-grid in all P-faces (75) and E-faces (50) analysed in these two conditions. The measurements of the size of the intramembranous particles found in the P-faces were performed with the aid of an 8 • magnifier containing a graticule calibrated in tenths of a millimeter. The size of all the particles present within a fixed area (0.25 ~m z) in the centre of the pictures of 10 different P-faces from each animal was determined (representing a total of approximately 2,500 particles per experimental condition). Particles have a round shape and their diameter was measured perpendicularly to shadowing.
Ten pictures chosen at random from all the positive prints (final magnification 105,000 • of P-faces from the nerves of the normal and acute streptozotocin diabetic rats fed the standard diet were subjected to a planimetric analysis of the total area of internodal myelin freeze-fracture surfaces included in the photograph and the total area of any particle4ree zones included in the photograph. At the end of the analysis these data were utilized to compute the total area of myelin freeze-fracture surface included in each randomly selected sample, and the fraction of the total area occupied by particle-free zones given in Table 1 .
Results
The EM appearance of the myelinated nerve fibres in thin sections of the sciatic nerves from the normal controls corresponded in detail to that reported by other workers [ 11] . There were no qualitative alterations in the EM appearance of the myelinated nerve fibres in thin sections of the sciatic nerves of rats with streptozotocin diabetes of 14 days duration. Similarly there were no qualitative alterations in the E M appearance of myelinated sciatic nerve fibres in tissue from diabetic rats treated with insulin or fed the diet supplemented with 1% myoinositol, or from normal rats fed the same diet.
The general appearance of the myelinated nerve fibres in freeze-fracture replicas of sciatic nerves from the normal rats fed the standard diet is illustrated in Figures 1, 2 , and 3. The replicas of the fractured fibres permit the examination of the membrane face of the myelin sheaths and also of the membrane faces of their corresponding Schwann cell bodies. The myelin sheath is recognized by its characteristic layered appearance, while the Schwann cell is distinguished by its typical location at the external side of the myelin sheath and by the presence of microinvaginations at its m e m b r a n e surface. There were no significant differences in the qualitative appearance of the myelinated nerve fibres in freeze-fracture replicas of sciatic nerves from the streptozotocin diabetic rats fed the standard diet when compared with those from the normal controls.
Two complementary fracture faces result from splitting the myelin m e m b r a n e along its hydrophobic matrix. One corresponds to the inner leaflet of the membrane, the P-face, and the other, the E-face to the outer leaflet of the m e m b r a n e [8, 9, 12] . The typical appearance of the myelin fracture faces is that of smooth surfaces containing globular protrusions, the intramembranous particles, which are thought to represent integral membrane proteins. In the freezefracture surfaces of the internodal myelin of large sciatic nerve fibres of normal and acute streptozotocin diabetic rats these intramembranous particles are uniformly distributed (Fig. 3) with the exception of focal, well circumscribed areas that are free of particles (Fig. 4) , when the nerve is fixed in glutaraldehyde and treated with glycerol in the conventional manner prior to freeze-fracture. As detailed in Methods the particle-free areas were excluded from the morphometric analysis. As shown in Table 1 , the total area of the particle-free zones varied from 3.5 to 5.6% of the total area of the internodal myelin included in randomly selected samples from the large sciatic nerve fibres of normal rats fed the standard diet, with a mean of 4.5%. The mean value in randomly selected samples from the acute streptozotocin diabetic rats fed the same diet averaged 3.8%. Fig. 3 . Detail of an electron micrograph of a freeze-fracture replica of part of the myelin sheath of a large myelinated sciatic nerve fibre from a normal rat. (Magnification • 100,000). The P-face and E-face of the freeze-fracture surfaces of adjacent myelin layers are shown. The density of intramembranous particles in the P-face clearly exceeds that in the E-face Hence, the method of preparation provides reproducibly similar replicas for analysis and comparison in nerves from normal and diabetic rats.
The P-face of the internodal myelin of large sciatic nerve fibres from both normal and acute streptozotocin diabetic rats have a greater density of randomly distributed intramembranous particles than the E-faces in the same sheath.
In the internodal myelin from the normal controls fed the standard diet the average density of intramembranous particles per unit area of P-face and E-face in different animals varied within a relatively narrow range ( Table 2 ). The variation in particle distribution between test grids in each animal in the control group is shown in Figure 5 ; particle aggregation was not observed.
In the internodal myelin of large sciatic nerve fibres from the streptozotocin diabetic rats fed the standard diet there was a significant decrease in the average density of intramembranous particles per unit area of P-face and E-face (Table 2) . These decreases were not associated with any significant increase in the variation in particle distribution between test grids in each diabetic animal (Fig. 5) , and particle aggregation was not observed.
Insulin treatment of acute streptozotocin diabetic rats prevented the development of a decrease in the average density of intramembranous particles in the Fig. 4 . Electron micrograph of a freeze-fracture replica of part of the myelin sheath of a large myelinated sciatic nerve fibre from a normal rat at a magnification of • 49,000, showing both longitudinally and cross fractured myelin lamellae. On the P-face of the exposed myelin membrane there are well defined areas which are devoid of intramembranous particles (outlined by the dotted lines). The cross fractured myelin sheath also contains well circumscribed areas in which the fracture faces are devoid of particles. The particle-free areas in the longitudinally fractured membrane appear to correspond to particle-free areas in the cross fractured layers Table 1 . Planimetric estimation of the total area of the internodal myelin freeze-fracture surfaces included in 10 randomly selected P-faces from large sciatic nerve fibres and the total area occupied by the well circumscribed particle-free zones. F = Area of particle-free zones/ total area Normal rats (Standard diet) Diabetic rats (Standard diet)
Total area Area of F Total area Area of F ~tm 2 particle-free-zones ~m 2 particle-free-zones P-face and E-face of the internodal myelin of large sciatic nerve fibres (Table 2 ). This alteration was also prevented by feeding the acute streptozotocin diabetic rats the diet supplemented with 1% free myoinositol (Table 2) , although these rats were persistently hyperglycaemic ( Table 2 ). The size of the intramembranous particles found in the P-face of the internodal myelin of large sciatic nerve fibres in each of the experimental conditions examined is shown in Figure 6 . The analysis was performed in the P-face since the number of particles per unit area is 3 times greater than in the E-face, and since the decrease in particle density associated with streptozotocin diabetes was more striking in the (17) (19) (14) All values (obtained on Day 14) are expressed as mean • SEM a n = number of animals studied b Statistical significance was determined with Student's t-test c MNCV = Motor nerve conduction velocity d MI = Myoinositol Fig. 6 . Distribution of the sizes (diameter in A) of the particles found in the P-freezefracture surface of the internodal myelin of large sciatic nerve fibres from control and acute streptozotocin diabetic rats. The data for each of the experimental conditions indicated were derived from the measurement of approximately 2500 particles. The mean size (~) for two groups of particles (diameters less than 75 A and greater than 75 A) are given for each of the experimental conditions P-face. In the P-face of the internodal myelin of large sciatic nerve fibres from the normal controls, the size of the intramembranous particles had a bimodal distribution with one class of particles ranging from 25 to 75 • in diameter with a mean of 49.6 ~ and a second group that ranged from 75 to 185 ]k in diameter with a mean of 118.5 ~ (Fig. 6 ). The distribution of intramembranous particle sizes, and the mean diameters of the two classes of particles were not significantly altered in the P-face of the internodal myelin of large sciatic nerve fibres from the streptozotocin diabetic rats fed the standard diet (Fig. 6 ).
Discussion
Electron microscopic examination of the freeze-fracture faces of the internodal myelin of peripheral nerves in several species [9] suggests that its structure conforms to the fluid mosaic model [13] in which globular molecules of integral membrane proteins alternate with sections of phospholipid bilayer. The intramembranous particles present in the freeze-fracture faces of the internodal myelin of rat large sciatic nerve fibres are thus believed to represent integral membrane proteins. The structural and functional significance of these particles in the myelin membrane remains to be determined, but it has been suggested that some may be important in the maintenance of the structural and organizational integrity of the myelin sheath [9] .
The observations reported above demonstrate that acute experimental diabetes results in a significant decrease in the average distribution density of intramembranous particles in both the P-and E-faces of the internodal myelin membrane of large sciatic nerve fibres. This decrease does not appear to result from particle aggregation, from a change in the random distribution of intramembranous particles, or from the selective loss of particles of a specific size. These observations suggest that the internodal myelin membrane of large sciatic nerve fibres in rats with acute streptozotocin diabetes has a decreased number of integral protein particles per unit area, which would constitute a significant alteration in the structure of this membrane. This alteration is clearly a consequence of insulin deficiency and/or hyperglycaemia since it is prevented by a rigorous insulin treatment that obviates hyperglycaemia from days 6 through 14 after the induction of diabetes. The myelin membrane is derived from the plasma membrane of the Schwann cell, but its composition is significantly modified in the course of the formation of the myelin sheath. There were no qualitative alterations in the EM appearance in freeze-fracture replicas. Since the data presently available on the metabolism of the Schwann cells and their metabolic interactions with the axons are fragmentary there is no firm basis for efforts to localize the site of the metabolic derangements that may be responsible for the alteration in the structure of the internodal myelin membrane. Although Spritz et al. [14] found no difference in the protein content of myelin isolated and purified from the peripheral nerves of normal and acute streptozotocin diabetic rats or in their pattern on polyacrylamide disc-gel electrophoresis, the methodology employed would not preclude the existence of an alteration in the structure of internodal myelin in the diabetic. The same workers reported that acute streptozotocin diabetes results in a 30 to 80% decrease in the incorporation of DL-(1-14C) leucine into myelin protein by segments of rat sciatic nerve incubated in vitro [14] , and suggested that insulin deficiency alters some aspects of myelin metabolism.
The alteration in internodal myelin membrane structure in rats with acute experimental diabetes was also prevented by a diet containing 1% free myoinositol despite the persistence of marked hyperglycaemia. Acute experimental diabetes results in a significant decrease in the free myoinositol content of whole sciatic nerve [1] , and Hawthorne and his co-workers [15] have recently demonstrated that this is associated with a decrease in whole nerve phosphatidyl inositol content. Phosphatidyl inositol is the precursor of the polyphosphoinositides which are known to be present in very high concentrations in central nervous system myelin [16] , and whole peripheral nerve [17] . At present an accurate assessment of the effects of acute experimental diabetes and any form of treatment on the concentrations of specific inositol containing phospholipids in purified peripheral nerve myelin is precluded by the marked lability of the polyphosphoinositides under the conditions required to purify myelin from whole nerve [18] . The diet containing 1% myoinositol maintains whoIe sciatic nerve free myoinositol concentrations in the diabetic rats similar to those found in normal rats fed the same diet [1] , and does not induce any detectable alteration in the number of intramembranous particles per unit area of the freeze-fracture surfaces of the internodal myelin in normal rats. Since insulin treatment also obviates any decrease in nerve free myoinositol content in acute streptozotocin diabetic rats fed a standard diet containing 0.011% myoinositol it is reasonable to speculate that the effects of acute experimental diabetes on the structure of internodal myelin in large sciatic nerve fibres is mediated in part through alterations in nerve myoinositol metabolism.
The design of this study required that both sciatic
